Electricity accounts for 25% of global greenhouse gas emissions. Reducing emissions related to electricity consumption requires accurate measurements readily available to consumers, regulators and investors. In this case study, we propose a new real-time consumption-based accounting approach based on flow tracing. This method traces power flows from producer to consumer thereby representing the underlying physics of the electricity system, in contrast to the traditional input-output models of carbon accounting. With this method we explore the hourly structure of electricity trade across Europe in 2017, and find substantial differences between production and consumption intensities. This emphasizes the importance of considering cross-border flows for increased transparency regarding carbon emission accounting of electricity.
Introduction
For several decades, more than 80% of the global electricity generation originates from fossil fuel [1] . As a result, electricity and heat production account for 25% of global greenhouse gas (GHG) emissions [2] . Furthermore, electricity demand is widely expected to rise because of electrification of vehicles [3] . These facts highlight the importance of an accurate and transparent carbon emission accounting system for electricity.
Reducing emissions related to electricity consumption requires accurate measurements readily available to consumers, regulators and investors [4] . In the GHG protocol [5] , "Scope 2 denotes the point-of-generation emissions from purchased electricity (or other forms of energy)" [4] . A major challenge regarding Scope 2 emissions is the fact that it is not possible to trace electricity from a specific generator to a specific consumer [6, 7] . This has lead to the use of two different accounting methods: the of grid average emission factors or the market based method [4, 7] . Grid average factors are averaged over time and therefore not specific to the time of consumption due to limited availability of emission factors with high temporal resolution. The market based method entails purchasing contractual emission factors in the form of different types of certificates, which do not affect the amount of renewable electricity being generated, and therefore fail to provide accurate information in GHG reports. For a detailed criticism of both approaches, see [4] .
In this case study, we propose a new method for real-time carbon accounting based on flow tracing techniques. This method is applied to hourly market data for 28 areas within Europe. We * Corresponding author: bo@eng.au.dk use this method to introduce a new consumption-based accounting method that represents the underlying physics of the electricity system in contrast to the traditional input-output models of carbon accounting [8, 9, 10] . The approach advances beyond [11] , where a similar flow tracing methodology is used to create a consumption-based carbon allocation between six Chinese regions. However, the data for that study was limited to annual aggregates and different generation technologies were also aggregated. We apply the method to real-time system data, including the possibility of distinguishing between different generation technologies, providing real-time signals for all actors involved. This increases the overall transparency and credibility of emission accounting related to electricity consumption, which is of high importance [12] . To investigate the impact of the new consumption-based accounting method we compare it with the straightforward production-based method (i.e. looking at the real-time generation mix within each area). For discussions on the shift from production-based to consumption-based accounting and the idea of sharing the responsibility between producer and consumer, we refer to [13, 14] .
Methods

Data
The method is applied to data from the electricityMap database [15] , which collects real-time data from electricity generation and imports/exports around the world. The European dataset, consisting of 28 areas, is used with hourly resolution for the year 2017. Data sources for each individual area can be found on the project's webpage [16] . Figure 1 shows the 28 areas and the 47 interconnectors considered. Power flows to and from neighboring areas, e.g. Switzerland, are included when available. The black arrows show a snapshot of hourly power flows between the areas. In the results, we aggregate the two price areas of Denmark and, thus, compare 27 countries. The top panel of Figure 2 shows stacked daily-average production for each technology for Austria. The bottom panel shows daily-average exports and imports. The black line represents the sum of the hourly exports and imports showing Austria's net import/export position. The daily averages in this figure are based on the full 8760 hours in the dataset representing the full year 2017.
Carbon emission intensities are derived from the ecoinvent 3.4 database to construct an accurate average intensity per generation technology per country decomposed in lifecycle, infrastructure and operations [17] . The operations intensities are used for the production and consumption-based carbon allocation in this study. Operational emissions include all emissions occurring over the fuel chain (from extraction to supply at plant) 
Carbon emission allocation
The consumption-based accounting method proposed in this case study builds on flow tracing techniques. Flow tracing was originally introduced as a method for transmission loss allocation and grid usage fees [18, 19] . It follows power flows on the transmission network mapping the paths between the location of generation and the location of consumption. It works in such a way that each technology for each country is assigned a unique color mathematically. This is a mathematical abstraction since it is not physically possible to color power flows. For each hour local production and imported flows are assumed to mix evenly at each node in the transmission network (see Figure 1 ) and determine the color mix of the power serving the demand and the exported flows. As an example, the colored arrows in Figure 1 show the cascade of power flows resulting from flow tracing of German wind power (light blue) and Polish coal power (brown) for the first hour of January 1st, 2017. The size of the colored arrows shows how much of the total power flow (in black) is accounted for. A threshold has been applied such that the technology specific flows are only shown if they account for at least 2% of the total power flow for each interconnector.
Flow tracing has been proposed as the method for flow allocation in the Inter-Transmission System Operator Compensation mechanism for transit flows [20, 21] . Recently, the method has been applied to various aspects of power system models to allocate transmission network usage [22, 23] , a generalization that allows associating power flows on the grid to specific regions or generation technologies [24] , creating a flow-based nodal levelized cost of electricity [25] , and analyzing the usage of different storage technologies [26] . The challenge of cross-border power flows in relation to carbon emission accounting has previously been studied in [6, 11] . Both studies simplify nodes as being either net importers or net exporters and neither are able to distinguish between different generation technologies. Those simplifications are not necessary in our approach as we can deal with both imports, exports, consumption and generation simultaneously at every node while also distinguishing between different generation technologies. Additionally, Figure 1 exhibits loop flows. However, these do not affect the validity of the flow tracing methodology [11] , and no effort has been made to eliminate them as they occur naturally in the transmission system at the area level [27] .
Flow tracing methods are almost unanimously applied to simulation data -typically with high shares of renewable energy. In this case study, we apply the flow tracing method to hourly time series from the electricityMap [16] . From this we are able to map the power flows between exporting and importing countries for each type of generation technology for every hour of the time series. Applying country-specific average carbon emission intensity per generation technology to this mapping, we construct a consumption-based carbon accounting method. For details on the mathematical definitions, see Section B in the supplementary material.
The production-based accounting method used for comparison, is calculated as the carbon intensity from local generation within each country. NO  SE  FR  FI  LT  BE  DK  AT  ES  SI  LV  GB  IE  RO  HU  SK  PT  IT  DE  BG  CZ  NL  GR  EE  RS  ME eration in each country's generation mix. The consumption intensity is calculated using flow tracing. The size of the circles is proportional to the average hourly generation and consumption in MWh, respectively. A vertical gray line connects the production and consumption intensity corresponding to the same country. We see a decline in intensity with increasing share of non-fossil generation. For high shares of non-fossil generation, the consumption intensity tends to be higher than the production intensity due to imports from countries with higher production intensity. The pattern is reversed for low shares of nonfossil generation. The values plotted in this figure are shown in Table 4 in the supplementary material. Some countries exhibit a huge difference between production and consumption intensity. An example of this is Slovakia (SK), which has a high share of nuclear power and Austria (AT), which has a high share of hydro power, but both rely heavily on imports of large amounts of coal power especially from Poland (PL) and Czech Republic (CZ). Denmark (DK) is an extreme example of the opposite case, having a high share of coal and gas power and importing large amounts of hydro and nuclear power from Norway (NO) and Sweden (SE).
Results
While this figure only shows average values, Figure 7 in the supplementary material highlights the interval of hourly variation of production and consumption intensity per country. This interval is high for all countries except the ones with very high non-fossil share (FR, SE, NO).
From a national perspective, it is important to know the source electricity that is being imported, and whether it increases a countrys reliance on high-carbon, insecure, or otherwise undesirable sources of generation. Figure 4 shows the consumption-based intensity per country. The height of each bar corresponds to the consumption intensity for each country shown in Figure 3 . This figure decomposes the consumption intensity for each country and shows how much of a particular country's consumption intensity is caused by the local generation mix compared with the generation mix of imported power. We see that for many countries it is important to be able to distinguish between local generation and imports since the imports make a substantial contribution to the country's consumption-based emission. In cases with a large difference between the intensity of local power production and the imported power, imports have a high impact. As men-tioned in an earlier example, this is the case for both Austria and Slovakia. For details on the average intensity of imports and exports between the countries, see Figure 9 and Table 5 in the supplementary material.
Conclusion
In this study we have introduced a new method for consumption-based carbon emission allocation based on flow tracing applied to a historical sample of real-time system data from the electricityMap.
With this method we have found substantial differences between production and consumption intensities for each country considered, which follow a trend proportional to the share of non-fossil generation technologies.
The difference between production and consumption intensities and the associated impact of imports on average consumption intensity emphasize the importance of including crossborder flows for increased transparency regarding carbon emission accounting of electricity. While there are limitations to the accuracy of this method due to data availability and the approximation of flow tracing, we believe that this method provides the first step in a new direction for carbon emission accounting of electricity.
This case study focuses on the European electricity system. When additional sources of live system data become available this approach could be extended to cover a wider geographical area or a higher spatial resolution. Another interesting application of this method would be to include additional sectors such as heating, since these are coupled through technologies like heat pumps, resistive heaters, and power plants with cogeneration. This could lead to real-time carbon emission signals for the entire energy system. 
A Carbon intensities
Carbon emission intensities are derived from the ecoinvent 3.4 database [1] . For each of the EU28 we calculate technology-specific factors extracted from the high-voltage level (for most technologies) and low-voltage level (for photovoltaic technologies), to generate their lifecycle carbon intensities in grams of CO 2 equivalents per kilowatthour. Furthermore, we also differentiate infrastructure-related impacts from operational impacts. This is done by grouping life cycle inventory inputs by unit, where the set {'meter', 'meter-year', 'unit', 'kilometer'} are assumed to denote infrastructure processes, whereas the rest, that is, 'kilowatthour', 'tonne-kilometer', etc., are accounted as operation and maintenance processes.
The values under "high-voltage mix" denote the global warming potential (GWP) score of the electricity mix directly from high-voltage technologies, while "low-voltage mix" values denote the GWP score of electricity at the consumer level, i.e. after transformation and distribution from high and medium-voltage (including losses), and integration of photovoltaic electricity into the grid. The high-and low-voltage GWP scores are extracted directly from ecoinvent 3.4, here only shown for information, and never used in the calculations.
Not all technology-area pairs are available in the database, in case of missing information, values have been proxied by the EU28 average intensity for the given technology, calculated from the areas for which the data exists, and weighted by their respective contribution to the EU28 mix. When the production source is unknown we assume an intensity averaged over the particular country's intensity for gas, oil and coal. Table 1 -3 show the country-specific lifecycle, infrastructure, and operation intensities per technology in units of g CO 2 eq./kWh. EU28 averages are also shown, in bold. The relation between the three tables is such that lifecycle = infrastructure + operation. The operation intensities in Table 3 are the basis for the production as well as consumption-based carbon allocation in this study. L n nodal load.
F n→k nodal outflow to direct neighbors.
F m→n nodal inflow from direct neighbors.
G n,α nodal generation for all technologies.
storage discharge for each storage technology α at node n.
S − n sum of storage charging at node n.
q n,α nodal colormix.
The nodal color mix refers to the mixing of electricity at each node from different technologies and countries of origin, where each technology for each country has been assigned a unique color [2] . Note that this is an assumption, analogous to the mixing of water flows in pipes, used to approximate the mixing of power flows at nodes in the transmission system. Figure 1 shows a sketch of the flow tracing implementation. For every hour all imports, generation, and storage discharge are mixed equally in the node, which then determines the color mix of the exports and the power serving the local load. We do not keep track of the color mix flowing into storage, but track which storage type the power originated from when the storages are discharging. This mixing approach is called average participation or proportional sharing in the literature which was also proposed initially in [3] . For a discussion of different allocation methods, see [4] . For comprehensive reviews, see [5, 6] .
The sketch in Figure 1 describes the nodal power balance
where the left-hand side and the right-hand side account for the flows out of and into a node, respectively. In this, and following equations, there is an implicit time index as the flow tracing is performed for every hour. We include nodal color mixes in the nodal power balance
which is now an equation per country n per technology type α. Rearranging (2) we can write a matrix formula describing a unique solution for the nodal power mix q n,α according to [7] : Here q m,α is the hourly nodal color mix for node m split into components for every technology for every country. The α set allows us to track originating technology as well as originating country e.g. we can trace who is consuming Danish wind power. Multiplying the nodal color mix with the nodal load and the carbon intensity of the originating generation/storage technologies allows us to calculate consumption-based carbon intensity allocation.
B.2 Handling of missing data
As we are using raw data directly from the power system there will be occurrences of missing values. In case of missing data for production or imports/exports for a country the particular country is excluded from the flow tracing calculation for that specific hour.
Imports from countries not included in the topology are included (e.g. Switzerland), but do not have an effect on the nodal mix of the importer (they simply scale the color mix, but do not change the ratios). Exports to countries outside the considered topology are subtracted. Figure 2 shows ∑ α q n,α for every country for every hour. If (3) is perfectly balanced it should be the case that ∑ α q n,α = 1. Cases of partially missing data leads to ∑ α q n,α = 1. This is usually caused by one country being excluded due to missing data (which explains the occurrence of 0's in Figure 2 ), which affects the nodal balance of neighboring countries. See e.g. the effect of missing data for Ireland on Great Britain. We observe no cases of ∑ α q n,α > 1. The missing data mostly occurs for small, satellite countries e.g. Ireland and Montenegro, which only have a small effect on the closest neighbors.
The total number of entries in Figure 2 :
Of these there are 6367 occurrences of q n,α = 0 (due to missing data), which is only 2.6%. When the occurrences of 0 are subtracted there are 3742 occurrences where q n,α < .9999 which is only 1.5%. The cases where 0 < q n,α < .9999 are all rather close to 1 (all except 3 are above .8 and most are above .9). The occurrences of 0 are predominantly for Ireland, Montenegro and Estonia, which are both small countries at the edge of the network. Figure 3 shows a comparison of hourly production intensity with hourly load for the full year of 2017 for every country. The production intensity is calculated based on the production within each country. The figure is split in two parts with large countries in the top panel and smaller countries in the bottom panel. In the top panel we see that Norway, Sweden and France have low intensities regardless of the level of consumption, which is due to a high share of hydro power in the Nordic countries and nuclear power in France. On the other hand, Poland has very high intensity due to a high share of coal power generation. Figure 4 shows the stacked average consumption intensity per kWh per hour in Austria for all of 2017. This figure does not tell anything about the amount of power being consumed by each technology. Figure 5 shows the total annual consumption intensity for Austria for 2017 based on flow tracing. From this figure we see that hydro is the technology providing most of the consumed power, but that the intensity from this consumption is among the lowest of the technologies. On the other hand coal power is one of the smaller contributors to the consumed power, but has the largest intensity. Figure 6 shows average hourly production/consumption carbon intensity plotted as duration curves for Austria and Denmark e.g. if a country runs on 100% coal the entire year the duration curve would be flat at that country's operational intensity for coal as seen in Table 3 . This figure shows that AT has a low production intensity, but a higher consumption intensity due to imports. DK is relying on imports for a low consumption intensity since it has a high production intensity for approximately half of the year. Figure 7 shows a comparison of average production (blue) and consumption (orange) intensity for each country. White dots mark the mean. The colored bars indicate 25%-75% quantiles and the gray bars 5%-95% quantiles. This is a summary of the duration curves for individual countries as shown in Figure 6 . Figure 8 shows the difference between production and consumption intensity as function of the share of non-fossil production of total production. Size of circles are proportional to average production. A value above zero corresponds to the country having a higher consumption intensity than production intensity. The figure shows a general trend that the higher the share of non-fossil production the higher the consumption intensity is compared to the production intensity. This can be explained by countries with high share of non-fossil production tend to import from countries with lower share of non-fossil production which results in the importing country's consumption intensity being higher than its production intensity. Table 4 shows average production and consumption intensity per country. These values are plotted in Figure 3 in the article, they are also shown as the white markers in Figure 7 , and the difference for each country is shown in Figure 8 . Figure 9 shows average intensity per imported/exported unit of energy. When calculating the average imported/exported intensity between two countries only hours with actual transfers have been used. A white entry means no data and only occurs for ME and RS. The figure should be read as NO exporting mostly low intensity hydro to all countries whereas EE and PL are exporting oil and coal to all countries. This figure doesn't say anything about the amount of energy being transferred e.g. most of the column for ME is based on data for very few hours as ME is a small, poorly connected country. The values in Figure 9 are also shown in Table 5 . Average imported/exported intensity. White cells indicating missing data. This figure doesn't say anything about the amount of energy being transferred e.g. most of the column for ME is based on data for very few hours as ME is a small, poorly connected country. Table 4 : Average production and consumption intensity for each country. These values are plotted in Figure 3 Table 5 : Average intensity of power imported and exported between countries. These values are plotted in Figure 9 . Columns are exporters and rows are importers. Units are kgCO2eq/MWh.
C Additional results
